In this study, an evaluation of the corrosion susceptibility of concrete reinforcement steel welded to stainless steel is reported, which is proposed as a potential solution to the repair and rehabilitate structures. An evaluation was conducted over 390 days by measuring the corrosion potential and current density levels by electrochemical impedance spectroscopy applied to a solution that simulated a marine environment. The welded carbon-stainless steel samples were found to be more resistant to corrosion than the carbon steel samples. These results were confirmed by visual inspection, scanning electron microscopy and energy dispersive spectroscopy of the welded zone. These findings support the concept of rehabilitating structures by replacing damaged carbon steel with stainless steel welded to the remaining structures.
INTRODUCTION
The most common method for reinforcing concrete structures involves the application of carbon steel (CS). Among other functions, concrete protects steel, and together these materials offer very high levels of mechanical resistance [1] . However, carbon steel embedded in concrete is not protected in environments with chloride in which the ions travel throughout the concrete and arrive at the steel surface [2] [3] . Treatment of corrosion phenomena in concrete reinforcement structures is expensive due to continuous service needed after the repair with CS. Generally, the repair and rehabilitation of buildings, bridges, piers and similar structures incurs high economic costs.
Reportedly, annual direct costs of infrastructure corrosion have risen to 2 to 5% of GDP levels in most countries. For example, in USA, yearly corrosion-related expenses are approximately 8 billion USD [4] . Table 1 presents the corrosion-related costs for different countries obtained from the literature [4] [5] [6] [7] . Given the high maintenance costs of concrete infrastructure reinforced with CS, several alternatives have been proposed to mitigate the corrosion phenomena occurring in these concrete structures. Some researchers have proposed various modification of the concrete chemical formulation as reported by Corral, Gutiérrez and Burgos [8] [9] [10] [11] . Others such as Al-Zahrani and Vera have studied the use of organic coatings [12] [13] [14] . Carvajal, Virides and Herrera have studied the use of inhibitors to prevent reinforcement corrosion [15] [16] [17] . On the other hand, Sekar, Calero and Araujo applied a cathodic protection method to reinforcement steel for this purpose [18] [19] [20] . Yeomans, Baltazar and Moreno have proposed the use of galvanized steel as an alternative material to extend the lifetime of reinforced concrete structures [21] [22] [23] . In another approach, Addari, Luo and Bertolini reported on the use and behavior of stainless steel in an alkaline medium [24] [25] [26] . Hunkeler and Jones found that when used as concrete reinforcement, stainless steel lengthens the service times significantly with little or no maintenance required [27] [28] .
Austenitic (304L and 306L) and duplex (2205 and 2304) stainless steel are most widely recommended for use as concrete reinforcements due to their high corrosion resistance [29] . In particular, austenitic stainless steels are the most widely employed because they are less costly and are resistant to pitting corrosion when exposed to concrete contaminated with chloride ions. Regarding the mechanical properties, stainless steel is twice more ductile than carbon steel. The elongation of stainless steel can exceed 45%, whereas that of carbon steel is roughly 25% [30] [31] . Even though stainless steel bars are 5 to 8 times more expensive than carbon steel bars, the use of SS represents an only 10% increase in the overall cost of a project. It has been estimated that its amortization can reduce the initial costs by up to 50% when considering increases in the lifetime that can exceed 120 years in coastal areas [32] [33] .
The degradation of reinforced concrete structures is typically detected only when the damage levels are significant and repairs are expensive [34] [35] . The performance of repaired structures is not satisfactory. An European special report indicates that 50% of repaired concrete structures have failed [36] [37] . Repairs cannot prevent future deterioration and in some cases, they accelerate the rates of damage. Therefore, we seek a means to rehabilitate concrete structures, which in this case to refers "restoration to suitable conditions". Structural rehabilitation implies improving conditions so that they are superior to initial conditions [34] .
Concrete structures can be rehabilitated based on the welding process that offers several advantages such as the opportunity to achieve closer junctions along the borders of the materials with a superior distribution of loads and strains to obtain lighter, resistant, stiff, homogeneous and continuous structures. Nevertheless, this approach also presents some drawbacks (e.g., internal residual stress, risks of fragile breakdown, and fatigue in the sections exposed to dynamic loads) [38] .
While several approaches for mitigating the corrosion of concrete structures have been proposed, the replacement of CS with SS has not been widely explored to date. Currently, mechanical connectors are used to join new bars of carbon steel to the remaining carbon steel bars in the concrete structure exposed to a marine environment as depicted in Figure 1 . Rehabilitation using carbon steel alone leads to extensive levels of corrosion over a very short period of time, thus incurring excessive costs [39] . In this work, the prevention of the corrosion of welded junctions between carbon steel and stainless steel is evaluated. While it may initially be assumed that this type of junction should produce an increase in galvanic corrosion, previous reports have shown that this does not occur [40] [41] 42] . Rather, a welded junction should produce more strain spreading while reducing the amount of stainless steel needed for rehabilitation due to its higher mechanical strength. Furthermore, issues such as the buildup of differential aeration cells produced by the presence of mechanical connectors can be avoided when using a welded junction.
EXPERIMENTAL PROCEDURES

Sample preparation
As shown Table 2 , 615 carbon steel and 304L stainless steel rods with chemical compositions (with the diameter and length of 12.7 mm and 200 mm, respectively) were used for the tests. The welded rods were prepared with the same overall dimensions and with the 1:1 area ratio maintained between the carbon steel and the stainless steel zones. For welding, on one end of the rods, a beveled cut with a supplementary angle of 30° was made and a shielded metal arc (SMAW) was applied following the AWS D1.1 [43] and NMX H121 [44] standards. As a filler material, 309L stainless steel was used as a filler material. To make electrical contact for electrochemical measurements, the end of the copper wire was pressed into the upper predrilled bar end. Then, this junction was sealed with epoxic resin for insulation. The remaining copper wire retained its original plastic insulation. The details of the welded samples (W) are presented in Figure 2 . During the tests, the stainless steel is located in the upper part and carbon steel in located in the lower part ( Figure 3 ). The rods were cleaned by abrasion with a brush and were degreased with acetone prior to their embedding in concrete. This latter material was prepared using two different water/cement ratios (w/c) of 0.45 and 0.65, and the dimensions of each cylinder were 100 mm and 220 mm for the diameter and length, respectively. The bar was centered on the cylinder at the distance of 10 mm from the bottom and top ( Figure 3 ). Each sample was fabricated in triplicate. Carbon steel (CS) and stainless steel (SS) samples used as control samples were prepared in a similar manner to those that were used for welding. Concrete cylinders were cured over 28 days according to the C31 ASTM standard [45] , and then were partially (more than half submerged) immersed in 3.5% w/w NaCl ( Figure 4 ) to simulate a structure rehabilitated by welding and were exposed to marine environment under static conditions. 
Electrochemical techniques
To monitor the behavior of the phenomena associated with the corrosion of the carbon steelstainless steel welded junction and the control samples, three electrochemical techniques were employed: corrosion potential (Ecorr) monitoring according to the C876 ASTM standard [46] , linear polarization resistance technique (LPR) according to the G59 ASTM standard [47] , and electrochemical impedance spectroscopy (EIS) according to the G106 ASTM standard [48] . Corrosion potential monitoring was carried out using a FLUKE 867B multimeter and a Cu/CuSO4 reference electrode as shown in Figure 3 . LPR and EIS measurements were conducted using a Gamry interface 1000 potentiostat. For these tests, metallic rods (W, CS or SS) were connected to the working electrode lead of the potentiostat, and a stainless steel mesh and Ag/AgCl served as the auxiliary and reference electrodes, respectively, as shown in Figure 4 . The conditions for the EIS measurements were set as follows: frequencies of 10 kHz to 10 mHz, amplitudes of 2 mV and 8 points per decade. Measurements were performed periodically over 390 days. Ecorr variations for the W and CS samples were found to be similar to those reported by Qian and Qu [49] (-0.3 V) in their study of CS electrically connected to SS by an external wire. For the SS samples, the obtained range was similar to that reported by Torres [50] (-0.18 V) for the SS embedded in concrete polluted with 2% Cl -. A comparison of the results for the two w/c ratios shows that the CS samples present more negative potentials for the 0.65 w/c ratio than for the 0.45 w/c ratio; therefore, the former is more susceptible to corrosion. It appears that higher water content enhances the inflow of chloride ions, breaking the passive layer generated by the alkaline medium on the surface of the reinforcement, and giving rise to corrosion. The concrete porosity levels depend on the w/c ratio and are favored by the high water content levels in the mix. The remaining fraction of water that is not involved in the hydration reactions evaporates, thus forming porous capillaries in the concrete matrix [51] . Pech [52] found higher ion chloride concentrations in concrete prepared with the 0.7 w/c ratio than in the concrete with the 0.46 w/c ratio due to a higher diffusion of ions in the former, corroborating the Obando's explanation.
It is worth noting that the W and SS samples had Ecorr values in the passivation zone according defined by the C876 ASTM standard. By contrast, the Ecorr values of the CS samples fall outside of the passivation zone, denoting the occurrence of active corrosion in this case. This behavior was expected because it is well-known that the oxide layer on the surface of carbon steel is less protective than that on stainless steel. Furthermore, the behavior of Ecorr for the W samples resembles that of the SS samples more than that of the CS samples. This supports the feasibility of the use of welded stainless steel rather than carbon steel for the rehabilitation of corroded structures. Figure 6 presents the measured corrosion current density values (icorr) for the different samples. For all of the cases, it was observed that icorr is higher for the samples in concrete prepared with the w/c ratio of 0.65, signifying the more extensive corrosion of metallic rods in this type of concrete.
Corrosion current density levels
According to the parameters provided by the DURAR handbook regarding the corrosion current density for carbon steel embedded in concrete, the studied W and SS samples present moderate corrosion levels. By contrast, the CS samples present very high corrosion levels for the 0.45 w/c ratio. The samples in concrete with the 0.65 w/c ratio present similar tendencies but with the current density value that is approximately twice as large (especially the CS samples).
The The obtained results confirm that the corrosion rate of carbon steel reinforcement rods is high and that this is due to the presence of chloride ions. These ions have two effects on the corrosion mechanisms. The ions increase the ionic conductivity of the electrolytes, enhancing ionic transport and provoking the local disruption of the passive layer. Figures 7, 9 and 10 show the Nyquist and Bode diagrams for the samples prepared with both w/c ratios. We start here by discussing the results found for the nonwelded materials, i.e., the CS and SS samples, in order to validate these results by comparison to the corresponding results in the literature, and we then establish them as a reference for examining and understanding the results found for the welded samples. Figure 7 shows the Nyquist and Bode diagrams for the CS samples. In these diagrams, a semicircle with a diameter that decreases with time is observed. This diameter defines the charge transfer resistance (Rtc) that represents the opposition of the interface to the passage of electrical currents. It was found that Rtc is three times higher for the samples with the 0.45 w/c ratio than for those with the 0.65 ratio, denoting higher levels of corrosion resistance for the CS samples with the first ratio.
Electrochemical impedance spectroscopy
Carbon steel samples
The CS samples present resistant behavior in the low frequency range, implying the presence of an active interface. The Bode-phase diagram shows angles of less (in absolute terms) than -60°. It is known that angles tending toward 0° are indicative of resistive behavior whereas the angles tending toward -90° are indicative of capacitive behavior [54] . Here, we find both types of contributions. Figure  8a presents a schematic of the equivalent circuit proposed for modeling the CS samples' spectra. This circuit is composed of a constant phase element (CPE) that represents the nonideal capacitance of the double layer that is connected in parallel to Rtc and to R1 that represents the electrolyte resistance. This latter term considers the resistance of concrete and saline dissolution. Since there is no evidence of the specific trace given by the diffusion in the spectra, it is assumed that the main contribution to impedance is a result of charge transfer, signifying the activated control of the overall process rate. The corrosion potential values recorded during these tests were less than -350 mV due to the changes in the thermodynamics of the CS sample surface where the instability of the passive layer induced by chloride ions is prevalent. Similar spectra and equivalent circuits were reported by Corral [8] for a study of carbon steel in concrete with the 0.47 w/c ratio. Our spectra agree with Nyquist diagrams reported by Perez [55] for concrete reinforced with carbon steel. He proposed an equivalent circuit that adds a diffusion component, but as noted above, there is no evidence of this contribution in the corresponding diagrams. Bensabra and Azzouz [56] studied carbon steel exposed for a short time to a pore solution with added chloride ions (3%) and their results agree with our results. Pech and Castro [52] studied concrete samples reinforced with carbon steel and exposed to natural weathering in the marine atmosphere, and presented Nyquist diagrams with the 45° linear tendency in the low frequency region typical of diffusive contributions. In this case, the Warburg element in the equivalent circuit is justified. With regard to capacitive contributions, our results agree with those reported by Andrade [57] in a study of carbon steel in concrete with added 2% CaCl2, with those of Rendon [58] in a study of carbon steel embedded in the 0.48 w/c ratio concrete exposed to sea water, and with those of Sagües and Cui [59] in a study of carbon steel in a pore solution. Since alkaline medium was in this work and in the cited studies, the expected anodic and cathodic reactions are as follows: Figure 9 shows the Nyquist and Bode diagrams for the SS samples. The Nyquist diagram shows the start of a semicircle with an extrapolated Rtc ≈ 5400 for the first day, showing that corrosion is occurring even though it is incipient. However, the spectra for the following days show the complete predominance of capacitive behavior. This is corroborated in the Bode-phase diagram, where the angle approaches -75° in the low frequency range. This is attributed to the well-recognized passivation phenomena occurring along the surfaces of the stainless steel.
Stainless steel samples
The proposed equivalent circuit shown in Figure 8b is designed to model this capacitive behavior. The circuit includes a CPE element to represent the nonideal capacitance of the steel-concrete interface coupled in series to R1 that represents the conductive properties of concrete and saline solution. According to Andrade, in this type of system with stainless steel, a layer of corrosion products is generated along the stainless steel surface. These products are metallic oxides that passivate the metallic surface and hinder the charge transfer. The Ecorr values monitored during these tests are more anodic than -350 mV, showing that according to the ASTM C876 standards, this stainless steel is in the passive zone, in complete agreement with the EIS results.
Blanco [60] have studied 304 stainless steel samples in pore solution with added 1% chloride and presented a Nyquist diagram for which the spectra are similar to those found in this work for the initial day. However, over the following days, the spectra observed in our study shifted to capacitive behavior. This behavior has been reported by Sagües [59] and Li [61] in their study of 316 stainless steel samples in pore solution and of 304 stainless steel samples in the pore solution with added 3.5% chlorides.
The results discussed above validate the results found for the CS and SS samples under the studied conditions and support the discussion of the welded samples presented below. 
Welded samples
A further inspection of the spectra corresponding to each sample type allows us to infer that resistance to the charge transfer occurs in the following order SS>W>CS. This was expected, because the welded samples include both materials and the welded zone should share their properties. The equivalent circuit for modeling these spectra (Figure 8c ) is the same as that proposed for the SS samples due to the similarity of their spectra. The associated capacitance for the W samples ( Figure 10 ) is also similar to that of the SS samples, denoting the enhanced corrosion resistance of the W samples relative to the CS samples. These results and the capacitive impedance suggest that the W samples were passivated by an insulating film similar to the SS samples but that the former were less protective than the latter [62] . The capacitance values for the W and SS samples are lower than those obtained for the CS samples due to the less compact insulating film on the latter. Cathodic and anodic reactions observed for the W samples are assumed to be the same as those found for the CS samples but are hindered to a certain degree by the presence of the insulating film. This film acts as an ideally polarizable electrode (mainly the capacitive contribution) where the charge transfer resistance is so large that corrosion reactions can be considered negligible. It is worth mentioning that because the corrosion process observed from the W samples was small, galvanic corrosion levels were also low for these samples. According to Le Bozec [63] , along the passivated surfaces of stainless steel, oxide films have a bilayer structure with iron or chromium oxides in the inner layer and chromium hydroxide in the external layer. They remark that both chromium oxide and hydroxide inhibit oxygen reduction reactions because they limit the diffusion of oxygen to the substrate. Kappler and Goellner [64] confirmed that the kinetics of oxygen reduction on surfaces with more stable passive films are slower than those of surfaces covered with iron oxide, showing that Fe(II) sites act as catalysts to reduce oxygen levels. Our findings agree with these results and are reinforced by the images of the samples taken after the end of the test. The surfaces of the rods of the SS samples were entirely free of corrosion products for both w/c ratios. For the W samples, the samples prepared with the 0.45 w/c ratio had surfaces free of corrosion products whereas those prepared with the 0.65 ratio had corrosion products along the side corresponding to carbon steel. This highlights the importance of the w/c ratio for the definition of the susceptibility of the systems to be corroded. On the other hand, the CS samples with the 0.65 w/c ratio presented larger accumulations of corrosion products.
The welded rods embedded in concrete and exposed to saline medium can spur oxygen reduction over three steps (including adsorption-desorption), implying the presence of oxygen-containing species such as O2, OH -, O2 -, HO 2-and H2O2 [65] . According to Ge [65] , oxygen reduction is limited along the stainless steel surfaces. This is related to the low adsorption energy levels of anions in alkaline pH (e.g., chloride ions when they arrive at the surface). The observed capacitive behavior that implies the passivity of the welded junction in the W samples can be explained by the theory proposed by Novoa [66] for the surface character of stainless steel. He proposed that the presence of chromium in the internal planes of the film obtained with exposure in alkaline medium protects against corrosion because it forms shields or islands of chromium (III) oxide that protect the substrate. It is noted that chromium oxide is more stable than iron oxide because its Gibbs free energy is more negative [67] . Chromium can be oxidized by water while iron requires oxygen to be oxidized [68] . Furthermore, Cr2O3 is a dielectric whereas iron oxides are semiconductors unlike magnetite (Fe3O4) which is a good electrical conductor. The partial electrical insulation of stainless steel by Cr2O3 leads to a weaker transfer of electrons onto the stainless steel than onto the fully conductive carbon steel [67, 69] . As a result, stainless steel is a poor cathode of the overall corrosion process, thus minimizing the problematic corrosion occurring in the adjacent carbon steel for welded samples. This also occurs in its passive state after rehabilitation.
Over time, the W and SS samples exhibited higher levels of corrosion resistance than the CS samples. This is also attributed to the passive film on the surface that is always prevalent because the alkaline medium provides OH-ions that undergo adsorption on the passive film [70] [71] . This enhances its reconstruction and hinders the arrival of Cl-ions to the passive film and thus to the iron substrate [72] .
Autopsy and SEM results
After 390 days of exposure to chloride ions and concrete, one bar of each sample type was removed, and an autopsy was conducted to confirm the results of the electrochemical tests. Each sample was photographed and scanning electron microscopy (SEM, HITACHI 3700N) images were obtained to document any corrosion products. Figures 11 and 12 present the obtained macroscopic and SEM images. Figure 12 indicates that incipient corrosion products were present in the carbon steel zone of the welded sample, while negligible corrosion products were observed in the welded zone, and as expected, a clean surface was observed on the stainless steel side. By contrast, abundant corrosion products were found in the CS control sample (not shown).
On the other hand, similarities in the behaviors of the W and SS samples confirm that galvanic corrosion produced by the junction between carbon steel and stainless steel was negligible in this case.
